Pod dehiscence (shattering) is a major source of yield loss in mechanical harvest of soybean. To develop a marker-assisted selection system for a major quantitative trait locus (QTL) controlling pod dehiscence, designated as qPDH1, we confirmed the usefulness of flanking markers and the effect of qPDH1 under different genetic backgrounds. The progeny of a residual heterozygous line for the genomic region around qPDH1 was screened for four flanking markers to obtain various recombinants in the vicinity of the QTL. The analysis of the relationship between the pod dehiscence degree and the graphical genotype of these lines confirmed the presence of qPDH1 in the region between the SSR markers, Sat_366 and Sat_093, on linkage group J. At these marker loci, the alleles from a Thai cultivar, SJ2, the donor of the shattering resistance, were inherited by most of the shattering-resistant, SJ2-derived cultivars and were distinct from those of the shatteringsusceptible cultivars tested. The effect of the allele from SJ2 at qPDH1 was confirmed by association tests under four genetic backgrounds derived from crosses with three susceptible cultivars in the northern to southwestern regions of Japan and a susceptible accession of Indonesian origin at three locations. These results suggest that the allele from SJ2 at qPDH1 and the linked markers could be widely used for the improvement of the shattering resistance in soybean.
Introduction
Soybean (Glycine max (L.) Merr.) is considered to have been domesticated from Glycine soja, which scatters its seeds via pod dehiscence (shattering) (Hymowitz and Singh 1987) . Although this trait is important for the adaptation of wild species to natural environments, it leads to a significant yield loss in soybean production. Shattering resistance has been introduced into leading cultivars in some regions including North America (Bailey et al. 1997) where soybean cultivation has been carried out on a large scale, while other regions still face the problem of pod dehiscence (Bhatnagar and Karmakar 1995 , Jiang et al. 1991 , Tiwari and Bhatnagar 1991 , Tukamuhabwa et al. 2002 . In Japan, soybean seeds are generally harvested in cool and humid seasons, which has masked the problem of pod dehiscence. However, the recent, unusual climatic fluctuations and the widespread use of combine harvesters are increasing the importance of breeding cultivars resistant to pod dehiscence. Tsuchiya (1986) demonstrated that three sources of germplasm for shattering resistance are useful for soybean breeding in the Hokkaido region of Japan as follows: 1) genetic resources from Thailand, 2) introduction of accessions from North America and 3) germplasm accessions derived from China. Several shattering-resistant, elite cultivars from Hokkaido have now been developed from crosses between these accessions and breeding lines from Hokkaido. However, the use of these shattering-resistant cultivars/lines from Hokkaido for crossing with the cultivars from South-West Japan may produce progenies with wide variation in maturity time because the Hokkaido cultivars/lines display an early-maturing habit. Since the trait is typically controlled by multiple loci, backcrossing should be the most efficient method for the introduction of shattering resistance gene(s). Although the involvement of a small number of genes in the shattering resistance (Tsuchiya 1986 ) provides a strategic rationale for backcross breeding, progeny tests may be required since the shattering resistance behaves as a partially recessive trait (Tsuchiya 1986 , 1987 , Tukamuhabwa et al. 2002 . Marker-assisted selection (MAS) is thus indispensable to efficiently achieve backcross breeding for shattering resistance.
Recently, a major quantitative trait locus (QTL) has been identified using recombinant inbred lines (RILs) derived from the cross between Japanese shattering-susceptible and -resistant cultivars (Funatsuki et al. 2006) . The shattering-resistant cultivar used was Hayahikari, whose shattering-resistant nature is derived from a Thai cultivar, SJ2 (Yumoto et al. 2000) . The QTL was found to be located near a simple sequence repeat marker, Sat_366, on linkage group J (LG J) and it accounted for more than 50% of the total variance. However, to use the allele from SJ2 at the QTL and the markers for breeding resistant cultivars adapted to different regions, three aspects should be considered.
One is to identify two markers flanking the QTL, which is important for efficient MAS systems (Langridge and Chalmers 2004) . In our previous study, the major QTL was detected in the region between the SSR markers Sat_366 and Sat_093 (Funatsuki et al. 2006) . However, the identification of two flanking markers requires a second genetic analysis, including the use of near isogenic lines (NILs) with various recombinant genotypes around the QTL following the initial analysis usually with F 2 or RIL populations, since the mapping of QTL(s) in segregating populations displays a limited resolution (Paterson et al. 1988) .
Another aspect is to determine whether the alleles of SJ2 at the marker loci can be easily distinguished from those of shattering-susceptible cultivars. If not, it will be necessary to develop other markers linked to the QTL.
The other aspect is to determine whether the allele from SJ2 at the QTL can be used for the improvement of shattering resistance under various genetic backgrounds. The effect of the allele from SJ2 has only been demonstrated for the Toyomusume (a shattering-susceptible Hokkaido cultivar) × Hayahikari background, although the shattering resistance gene(s) of SJ2 has been widely used under various genetic backgrounds in Hokkaido cultivars.
In the present study, we confirmed the location and the usefulness of the QTL controlling pod dehiscence, which we designated as qPDH1, by (1) unequivocally identifying the two nearest markers flanking qPDH1 using a residual heterozygous line (RHL, Yamanaka et al. 2005) , (2) checking the polymorphism at the two marker loci in shattering-resistant and -susceptible cultivars/lines, and (3) conducting association tests with four different populations, including the progeny of the crosses with cultivars from the central and southwestern regions of Japan at three different locations.
Materials and Methods

Plant materials
An RIL, HC1-F 6:7 -85, developed from the cross Toyomusume × Hayahikari (Funatsuki et al. 2005) , was used for the identification of the flanking markers. Four populations derived from the crosses between shattering-susceptible cultivars/lines and shattering-resistant cultivars/lines derived from SJ2 were used for the association tests. Two of the four populations consisted of the F 4 progeny derived from the cross Tachinagaha × Hayahikari and the cross Sachiyutaka × Hayahikari. Tachinagaha and Sachiyutaka are major cultivars in the central and southwestern regions of Japan, respectively, and are susceptible to seed shattering. Since these crosses were originally made to develop elite cultivars adapted to the central region of Japan, selection was conducted in the F 2 and F 3 generations for some agronomic traits such as maturity time, plant architecture and seed size. Seeds harvested from the F 3 plants were genotyped for SSR markers and sown in the field. Among the resulting F 4 plants, homozygous plants were selected and those which would not be used for breeding programs were evaluated for shattering resistance. Another population consisted of F 4:5 RILs derived from the cross Kitamusume × Hayahikari. Kitamusume is a shattering-susceptible Hokkaido cultivar, which genealogically has no common ancestor with Toyomusume. The other was an F 2 population from the cross Tokei 992 × Shokukei 32. Tokei 992 is a shattering-resistant progeny of SJ2. Shokukei 32 is a progeny of an Indonesian cultivar, Wilis. To identify the alleles at the Sat_093 and Sat_366 marker loci, 22 cultivars/lines were tested (Table 1) . Hayahikari, Toiku 238, Toiku 239 and Yukihomare were used as shattering-resistant genotypes derived from the crosses with SJ2. Four American cultivars, Young, Clark, Williams 82 and Harosoy were used as shattering-resistant cultivars independent of SJ2. The other cultivars were leading or promising cultivars/lines developed at Japanese soybean breeding laboratories and were shattering-susceptible.
Development of recombinants in the region around the QTL
The progeny of the RIL HC1-F 6:7 -85 showed heterozygous genomic fragments around the major QTL on LG J and in the regions tagged by six polymorphic marker loci, Sat_353, Satt374, Satt334, Sct_196, AW508247 and Satt551, located on other linkage groups. We selected a single F 8 plant that was homozygous at all the loci tested except for the markers on LG J. Seeds of the plant were harvested and genotyped at four loci, Satt529, Sat_093, Sat_366 and Sat_350. Seeds that carried a recombination between the markers of interest were sown, and seeds were harvested from the resulting plant as a subline. Sixteen plants per subline were grown in a row. The plants fixed for the recombined genotype were used for the pod dehiscence test along with the sublines fixed for the Toyomusume genotype and for the Hayahikari genotype at all the segregated loci derived from HC1-F 6:7 -85, designated as 85-T and 85-A, respectively.
Growth conditions
Field tests were carried out at three locations in Japan. The RHL and the F 4:5 RILs from the cross Kitamusume × Hayahikari were grown at the research farm of the National Agricultural Research Center for Hokkaido Region (NARCH), Sapporo, in 2006. The F 2 population derived from the cross Tokei 992 × Shokukei 32 was grown at the Tokachi Agricultural Experiment Station (TAES), Memuro, in 2006. The F 4 progenies from the cross Sachiyutaka × Hayahikari and from the cross Tachinagaha × Hayahikari were grown at the National Institute of Crop Science (NICS), Tsukuba. The outline of the growth conditions is shown in Table 2 . All the plant samples were grown to maturity and harvested.
Evaluation of shattering resistance
The degree of shattering resistance was evaluated by monitoring the percentage of the dehiscent pods after heat treatment at 60°C for 3 h. For the RHL, two to ten plants per subline were harvested and ten to twenty pods per plant were examined. For the F 4:5 RILs from the cross Kitamusume × Hayahikari, ten plants per line were harvested and ten pods per plant were heat-treated. For the other populations, whole plants were subjected to heat treatment and all the pods were examined, and the percentages of dehiscent pods were recorded for individual plants.
DNA isolation and genotyping
DNA was isolated from leaves of the RHL plants, the RIL plants from the cross Kitamusume × Hayahikari, and the F 2 population from the cross Tokei 992 × Shokukei 32, while seeds were used for the F 4 plants of NICS and the 22 cultivars/lines. DNA isolation from leaves and genotyping with SSR markers (Song et al. 2004 ) were performed as described previously (Funatsuki et al. 2005) . DNA isolation from seeds was carried out according to the method developed by Kamiya and Kiguchi (2003) .
Data analysis
Percentages of dehiscent pods were converted into arcsine-transformed values before one-way analysis of variance (ANOVA) was performed using the GLM procedure (SAS Institute 1996) . Multiple range tests were carried out by the Tukey-Kramer method with option Tukey.
Results
Confirmation of the presence of two markers flanking qPDH1
In the previous study, the peak of LOD curve for shattering resistance was identified in the region between the SSR markers Sat_366 and Sat_093 on LG J (Funatsuki et al. 2006) . To determine whether the markers flanked the major QTL controlling pod dehiscence, we compared the sublines derived from an RHL (Yamanaka et al. 2005) produced from HC1-F 6:7 -85, which was heterozygous only for the genomic region in the vicinity of the QTL. Therefore these sublines were considered to be NILs for the genomic region around the major QTL. The graphical genotypes for the four markers and the pod dehiscence percentages are shown for each subline in Fig. 1 . For instance, subline 85-77 was homozygous for the Hayahikari allele at Satt529 and homozygous for the Toyomusume allele at the other loci. Therefore, this subline exhibited a recombination site somewhere between Satt529 and Sat_093. The percentage of pod dehiscence of subline 85-77 was similar to that of subline 85-T, In addition, fused magnesium phosphate (100 g/m 2 ) and magnesium lime (100 g/m 2 ) were applied to the soil in Tsukuba, while only magnesium lime (100 g/m 2 ) was applied in Sapporo.
homozygous for the Toyomusume alleles at the four loci, and significantly more susceptible than subline 85-A, homozygous for the Hayahikari alleles. This indicated the absence of the QTL to the left side of Satt529. Likewise, the results with sublines 85-31 and 85-35 suggested the absence of the QTL to the left side of Sat_093. On the other hand, the shattering-resistant nature of subline 85-40 suggested the presence of the QTL to the left side of Sat_366. The data obtained in the remaining three lines, 85-33, 85-5 and 85-78, were also consistent with the hypothesis that the QTL was located in the region between Sat_093 and Sat_366.
Polymorphism at Sat_093 and Sat_366 loci among cultivars/lines
The alleles at the two marker loci flanking qPDH1 were examined for various genetic resources including SJ2 and its descendant cultivars/lines. At the Sat_093 locus, many alleles were present (Fig. 2A) . The SJ2-derived genotypes, except for Toiku 239, harbored the same allele as SJ2, which was distinct from the alleles observed in the shattering-susceptible cultivars/lines. As shown in Fig. 2B , two alleles were detected at the Sat_366 locus, which clearly enabled to distinguish the SJ2-derived, shattering-resistant genotypes from the shattering-susceptible ones. The size difference between the PCR products was large enough to be resolved by agarose electrophoresis. The allele from an American cultivar, Young, at the Sat_366 locus was identical to that from SJ2, while the allele from the other American cultivars did not differ from that from the shatteringsusceptible ones.
Association tests of Sat_366 and shattering resistance
Since Sat_366 was found to be located very closely to qPDH1 and displayed clear polymorphism between the SJ2-derived, shattering-resistant cultivars/lines and shatteringsusceptible ones, this marker was used for association tests with four populations. In the RIL population derived from the cross Kitamusume × Hayahikari, the allele from Hayahikari significantly conferred a higher degree of shattering resistance than the other genotypes, although very large variations were found among the lines with the same genotype (Fig. 3A) . Significantly different degrees of shattering resistance were also observed among the genotypes at Table 1 .
Sat_366 in the F 2 population derived from the cross Tokei 992 × Shokukei 32 (Fig. 3B) , the former of which is a shattering-resistant descendant of SJ2 and harbored an allele identical to that of SJ2 at Sat_366. In Tsukuba, two F 4 populations that had been previously selected for maturity time were used for the association test. In both cross combinations, the plants with the Hayahikari genotype at the Sat_366 marker locus displayed high levels of shattering resistance (Table 3 ). The plants with the genotype of the shatteringsusceptible parents (Sachiyutaka and Tachinagaha) were clearly more susceptible than those with the Hayahikari genotype, but they tended to be slightly more resistant than their parents (Table 3) .
Discussion
Numerous studies have been conducted to identify QTLs controlling agronomically important traits in many crops. In contrast to the extensive use of DNA markers linked to true pest-resistance genes, such as those for powdery mildew in wheat, for bacterial blight in rice, and for the cyst nematode in soybean (Mohler and Singrün 2004) , relatively small numbers of QTLs have been the targets for MAS. The possible reasons for the limited use include the inaccuracy of the QTL position, the dependence of the QTL effect on the environment and the genetic background, and the absence of polymorphism at the flanking markers between the genotypes of interest. In the present study, we confirmed the presence of the two markers, Sat_093 and Sat_366, flanking the major QTL controlling shattering resistance, qPDH1, and observed that the allele derived from a Thai cultivar SJ2 consistently contributed to the shattering resistance under different genetic backgrounds and at different locations. In addition, polymorphism at the flanking marker loci was observed between the SJ2-derived, shattering-resistant cultivars/lines and the shatteringsusceptible ones.
We used an RHL to confirm the presence of the markers Fig. 3 . Frequency distribution of populations from a cross between SJ2-derived, shattering-resistant cultivar/line and shattering-susceptible cultivar/line in terms of shattering resistance. A, F 4:5 from the cross Hayahikari × Kitamusume. B, F 2 from the cross Tokei 992 × Shokukei 32. Black, grey, and white bars indicate the genotypes of the resistant parent, the heterozygous and the susceptible parent at the Sat_366 marker locus, respectively. In the experiment for B, ten plants were randomly selected from each genotype. flanking qPDH1. RHLs have long been used to produce NILs for physiological studies (e.g. Yang et al. 1995 , Ismail et al. 1999 , and its effectiveness for fine-mapping of QTL(s) was demonstrated by Tuinstra et al. (1997) under the name of heterozygous inbred family (HIF) and by Yamanaka et al. (2005) . Although NILs derived from an RHL enable to analyse the locus of interest only under a specific genetic background, RHLs are a useful tool for rapid confirmation of the existence of QTLs where the genotyping data of RILs are available (Yamanaka et al. 2005) . In the present study, the flanking markers were indeed identified using the twogeneration-advanced populations from the initial RIL population. RHLs could be widely used for the confirmation of the presence of QTLs for which no epistatic interactions with other QTLs or with genetic backgrounds need to be considered. We confirmed our previous findings showing that the QTL was located in the region between Sat_093 and Sat_366 (Funatsuki et al. 2006) . However, we could not exclude the possibility that another QTL may be present in the region between Sat_366 and Sat_350, because shatteringsusceptible lines that carried the genomic fragment from Hayahikari in the region between the two markers were not available in the present study. Based on the high degree of shattering resistance of subline 85-40, only the allele from SJ2 at the QTL in the region between Sat_093 and Sat_366 could provide a sufficient degree of shattering resistance.
In the association tests, we used only one flanking marker, Sat_366, since the marker had been found to be closer to qPDH1. In addition, the alleles at this marker locus could be easily distinguished by agarose electrophoresis. Although two flanking markers are needed for precise MAS and background selection (Langridge and Chalmers 2004) , the relatively high level of the association between the marker genotype and the shattering resistance shown in Fig. 3 and Table 3 suggested that this marker could be used for MAS for rough screening.
The allele from SJ2 at qPDH1 apparently enhanced the shattering resistance in all the combinations of the genetic backgrounds and locations tested. The resistance gene alone may provide a sufficient degree of shattering resistance in most cases. In addition, the possibility of the existence of additional QTLs with smaller effects was suggested based on the results showing the presence of considerable large variations for the RILs of the Hayahikari genotype at Sat_366 in the progeny derived from the cross Hayahikari × Kitamusume, and that the F 4 plants of the susceptible genotypes derived from the cross with the southwestern cultivars showed a higher degree of shattering resistance higher than that of their susceptible parental cultivars. The identification and use of these minor QTLs could be important for finetuning of the shattering resistance, since late-maturing cultivars harvested under high humidity conditions may require a degree of shattering resistance different from that of earlymaturing cultivars harvested under dry climatic conditions. For the identification of these QTLs, other evaluation methods such as the method used by Romkaew and Umezaki (2006) may also be worth testing.
Some American shattering-resistant cultivars may harbor an allele for shattering resistance at qPDH1 since a major QTL was detected at a similar position on LG J with an RIL population derived from an American, shatteringresistant cultivar, Young, and a susceptible Japanese line (Bailey et al. 1997) . In the present study, the allele from Young at the Sat_366 locus was found to be identical to that from SJ2, suggesting that the major resistance gene of these two cultivars might have originated from a common ancestor. On the other hand, the other three American cultivars, Harosoy, Clark and Williams 82, shared the allele with the susceptible cultivars at the Sat_366 locus although they were shattering-resistant, presumably due to the presence of shattering resistance alleles at QTLs other than qPDH1. If they harbored a shattering resistance allele at qPDH1, the allele might have originated from ancestors different from those of SJ2 or Young, or recombination event(s) between qPDH1 and the marker after natural and/or artificial outcrossings might have taken place. Since American cultivars have been widely used as breeding materials, including the source of shattering resistance (e.g. Tanaka et al. 1993) , further investigations should be carried out.
In conclusion, it was confirmed that a major QTL controlling pod dehiscence, qPDH1, was present in the region between the SSR markers Sat_366 and Sat_093, and, at these marker loci, polymorphism was detected between the SJ2-derived, shattering-resistant cultivars and the shattering-susceptible ones. In addition, the effect of qPDH1 was demonstrated under four different genetic backgrounds and at three locations. The shattering-resistant cultivars and the SSR markers could be immediately used in practical breeding programs.
